Stability of fucoxanthin was assessed in dried Undaria pinnatifida (wakame). After 210 days storage of dried wakame in the dark at 50℃, the stability of fucoxanthin was higher than that of purified fucoxanthin incubated at both 20℃ and 40℃. Furthermore, we analyzed the stability of fucoxanthin in scones containing 0.5 − 2 wt% commercial dried wakame powder. More than 85% of the fucoxanthin remained unchanged in the scones after heating the dough at 190℃ for 30 min. Sensory analysis indicated that although the addition of wakame powder darkened the appearance and strengthened both the taste and smell of the scones, they remained acceptable. Furthermore, overall sensory scores showed that scones containing 0.5 wt% and 2 wt% wakame powder were more favorable than control scones.
Introduction
Fucoxanthin, a major carotenoid in brown seaweeds, has been reported to show several beneficial health effects, including antioxidant (Airanthi et al., 2011) , anti-cancer , anti-obesity (Maeda et al., 2005) and anti-diabetic (Maeda et al., 2007) activities. Although chemical synthesis of fucoxanthin is possible, it costs too much and its recovery level is very low. Several species of brown seaweeds contain more than 0.1 − 0.4% fucoxanthin per dry weight (Teraski et al., 2009 ) and this content is relatively higher than that of carotenoids in other natural products. Abidov et al. (2010) have reported that an intake of up to 2.4 mg fucoxanthin per day significantly increased the energy expenditure while decreasing the body weight, body fat, plasma triacylglycerol (TG), and liver lipid contents of obese female volunteers. Based on human trials, fucoxanthin levels in several species of brown seaweed are high enough to express their physiological activity when added to general foods.
Undaria pinnatifida (wakame) is one of the major species of edible brown seaweeds in both Japan and Korea. Dried wakame powder is sometimes used for food products in Japan. Although the content of fucoxanthin in wakame is generally lower than that in the Sargassum species, it is relatively higher than the other popular edible brown seaweeds (Mori et al., 2004; Kanazawa et al., 2008; Terasaki et al., 2009) . Therefore, fucoxanthin is ideal for daily consumption in wakame products such as salted wakame, dried wakame, and wakame powder.
On the other hand, carotenoids are easily deteriorated through free radical reaction. The electron-rich status of fu-× 4.6 mm i.d; Nomura Chem. Co., Seto, Aichi, Japan) and an ODS column (TSK-gel ODS 80-Ts, 250 × 4.6 mm i.d., 5 μm particle size; Tosoh, Tokyo, Japan) were used for tocopherol and carotenoid analysis, respectively. Both columns were protected with a guard column (15 × 3.2 mm) with the same stationary phase. For the tocopherol analysis with the silica column, n-hexane-2-propanol (99.2:0.8, v/v) was used as the eluent, with the flow rate set at 1.0 mL/min. The fluoresence detector was set at Ex. 298 nm and Em. 325 nm. On the other hand, when fucoxanthin in the TL was analyzed with the ODS column, methanol-acetonitrile (7:3 v ⁄ v) was used as the mobile phase set at a flow rate of 1.0 mL. The chromatographic detection of fucoxanthin was carried out at 450 nm. Standard curves prepared using authentic fucoxanthin and tocopherols were used for the quantification in wakame samples. α-Tocopherol was purchased from Kanto Kagaku, Tokyo, Japan, while β-, γ-, δ-tocopherols were purchased from Sigma-Aldrich, Steinheim, Germany. Fucoxanthin was purchased from CaroteNature GmbH, Lupsingen, Switzerland. Tocopherol and fucoxanthin content was expressed as μg/g dried sample.
Fatty acid composition of TL The fatty acid composition of sample lipid was determined by gas chromatography (GC) after conversion of fatty acyl groups in the lipid to their methyl esters. The fatty acid methyl esters were prepared as per the method of Prevot and Mordret (1976) . Briefly, 1 mL n-hexane and 0.2 mL 2 N NaOH in methanol were added to an aliquot of total lipid (ca. 10 mg), vortexed and incubated at 50℃ for 30 min. After the incubation, 0.2 mL 2 N HCl in methanol solution was added to the solution and vortexed. The mixture was separated by centrifugation at 1000 g for 5 min. The upper hexane layer containing fatty acid methyl esters was recovered and subjected to GC. The GC analysis was performed on a Shimadzu GC-14B (Shimadzu Seisakusho, Kyoto, Japan) equipped with a flame-ionization detector (FID) and a capillary column (Omegawax-320; 30 m × 0.32 mm i.d.; Supelco, Bellefonte, PA, USA). The detector, injector, and column temperatures were 260, 250, and 200℃, respectively. The carrier gas was helium at a flow rate of 50 kPa. Fatty acid content was expressed as weight percentage of total fatty acids.
Lipid peroxide contents of TL Lipid hydroperoxide is known to react stoichiometrically with non-fluorescent diphenyl-1-pyrenylphosphine (DPPP) to yield fluorescent DPPP oxide (Akasaka et al., 1992) . The hydroperoxide content of TL was determined using this quantitative conversion of DPPP to DPPP oxide. Briefly, 10 mg of TL was weighed and dissolved in 5 mL chloroform/methanol (2:1, v/v) containing 33.3 mg butylhydroxytoluene. Next, 100 μL of the sample solution and 50 μL of DPPP solution (1 mg/10 mL coxanthin also makes it more unstable than other carotenoids. Thus, the low stability of fucoxanthin may be problematic in the application of wakame to food products. We have previously reported on the sensory, chemical, and structural properties of pasta containing wakame powder (Prabhasankar et al., 2009 ). The sensory analysis of different pasta samples revealed that the samples containing seaweed powder had up to a 10% higher acceptance rating by panelists. Moreover, the heating process involved in pasta preparation (3 h at 75°C) did not destroy the fucoxanthin.
However, only a few reports have been available on the stability of fucoxanthin in brown seaweeds during cooking and no study has been performed on the stability of fucoxanthin during storage. Therefore, in the present study, we reported on the stability of fucoxanthin in both dried wakame during storage and dried wakame powder during baking.
Materials and Methods
Seaweed samples and extraction of total lipids Cultivated brown seaweed, Undaria Pinnatifida (wakame), was collected from intertidal zones of the Kamaishi coast, Iwate Prefecture, Japan, in May, 2009. Entire sections of seaweed were washed with fresh water. The seaweed samples were placed in a stainless container and dried at an ambient temperature under sunlight for 2 h and in the dark for 1 h, and then at 50℃ for 3 h in the dark. Moisture content of the dried samples was monitored during oven drying at 105℃ until a constant weight was obtained. Dried samples (ca. 2g) were separated and placed in an incubator at 50℃. After 0, 50, 110, 150, 180, and 210 days incubation, three samples were collected at random and each sample was subjected to extraction in methanol overnight. The solution was filtered and the residue was then subjected to further overnight methanol extraction. The filtrates were pooled and the solvent was removed under vacuum using a rotary evaporator. Chloroformmethanol-water (10:5:3, v/v/v) was added to the extracts and homogenized. The homogenate was separated into two layers in a separating funnel and the lower layer was collected. Organic solvents were removed from the lower layer under vacuum using a rotary evaporator. The last traces of remaining solvents and water were removed under high vacuum in order to obtain total lipids (TL).
HPLC Analysis of TL High performance liquid chromatography (HPLC) was performed using a Hitachi HPLC system (Hitachi Seisakusho, Co., Tokyo, Japan) equipped with a pump (L-7100) and a fluoresence detector (Hitachi L-7485) for tocopherol analysis, while a Hitachi HPLC system equipped with a pump (Elite LaChrom L-2130) and a photodiode array detector (Elite LaChrom L-2455) was used for fucoxanthin analysis. A silica column (Develosil 100-3, 250 added at the expense of soft-type wheat flour. All powders, namely, wheat flour, baking powder, wakame powder, sugar, and salt were mixed using a food processor. Olive oil was then added to the mixture. After thoroughly mixing the dry ingredients and the oil, milk was added. The complete mixture was then kneaded and shaped into a round form having a thickness of 2 cm. The dough was equally divided into six portions and baked on a tray at 190℃ for 30 min. After cooling for 1 h at room temperature, each scone was subjected to sensory and chemical analysis. Dough or scones containing 1.5, 3.0, and 6.0 g wakame powder were named as W-0.5%, W-1%, and W-2%, respectively.
Analysis of scones All scone samples were subjected to sensory evaluation by a panel consisting of 41 untrained postgraduate students (female, 35; male, 6) of the Faculty of Human Science, Hokkaido Bunkyo University, Eniwa, Japan. The panelists, aged between 18 and 19 years, were asked to assign discrimination and preference scores among the scones containing wakame powder and the control scones. Scones were served to the panelists on plates and distributed randomly. Sensory evaluation procedures were explained to the panelists before commencement. Sensory evaluation score cards were prepared and panelists were asked to read through both the instructions and questions on the sensory forms and the meaning of each attribute was explained in order to avoid misinterpretation. The panelists were given time to ask for clarification of the sensory evaluation procedure when uncertain or unclear about the process. A seven point scale ranging from −3 to 3 was employed in this study for texture, taste, smell, appearance, and overall acceptability. A score of 0 meant that the sensory score of wakame scones was the same as that of the controls. In discrimination analysis, the larger positive or negative number conveyed a bigger sensory difference. On the other hand, in preference analysis, the larger positive number indicated a stronger preference for wakame scones, while a larger negative number indicated a stronger preference for control scones. Statistical analysis was performed to calculate mean ± SD of values measured for each sample. The means of all the parameters were examined for significance by analysis of variance (ANOVA) and in the case of significance, mean separation was accomplished by Fisher's PLSD test.
Each dough and scone sample (ca. 10 g) was weighed and extracted overnight with chloroform-methanol (1:1, v/v). The solution was filtered and the residue was then subjected to further overnight extraction with chloroform-methanol (1:1, v/v). The filtrates were pooled and then water was added to the solution, resulting in a chloroform-methanolwater (1:1:0.9, v/v/v) solvent ratio. The mixture was then separated into two layers in a separating funnel and the lower chloroform) were added to a test tube with a screw cap and left for 60 min at 60℃ in a water bath. The reaction mixture was then cooled in an ice bath and the solution was diluted 10 times with 2-propanol before being measured by reversed phase HPLC. The HPLC was carried out with the same system (Hitachi Elite LaChrom HPLC system) described above. HPLC analyses were done at 40℃ using reversed-phase column (Develosil-ODS, UG-5; Nomura Chem. Co.), protected by a guard column (10 × 4.0 mm i.d.) having an identical stationary phase. The mobile phase was butanol-methanol (10:90, v/v) and the flow rate was 1.0 mL/min. The fluorescence detector (Hitachi L-2485) was set at Ex. 352 nm and Em. 380 nm. The hydroperoxide concentration in the sample solution was calculated from the DPPP oxide detected using a DPPP oxide standard curve. The hydroperoxides in the sample lipids were expressed as meq/kg lipids.
Stability of purified fucoxanthin in bulk phase Fucoxanthin was purified according to the method described previously (Maeda et al., 2007) . In brief, lipid extracts containing fucoxanthin were obtained from dried commercial wakame powder using acetone extraction. The wakame powder was produced for the purpose of consumption by Riken Vitamin Co., Ltd., Tokyo, Japan. Fucoxanthin was purified from the lipid extracts by subjection to silica gel column chromatography twice with n-hexane-acetone (7:3, v/v) as mobile phase. The purity of fucoxanthin as checked by HPLC was more than 96%. The fucoxanthin obtained was weighed and dissolved in ethanol. An aliquot of the solution was taken into a 10 mL vial and then the solvent was removed under nitrogen gas. The solution volume was adjusted so that 1 mg fucoxanthin remained in the vial. Vials containing 1 mg fucoxanthin were separately incubated in the dark at 20, 40, and 90℃. The incubation at 20℃ was also done under the light irradiation (6250 lux). Two vials were taken at selected time intervals for determination of fucoxanthin content. The content of each sample was measured by HPLC as described above after dissolving the sample with methanol-acetonitrile (7:3 v/ v).
Scone preparation All materials were commercial food products obtained from local markets: soft-type wheat flour and baking powder from Nisshin Foods Inc., Tokyo, Japan; wakame powder from Riken Vitamin Co., Ltd., Tokyo, Japan; milk from Megmilk Snow Brand Co., Ltd., Tokyo, Japan; granulated sugar from Nippon Beet Sugar Manufacturing Co., Ltd., Tokyo, Japan; olive oil from Ajinomoto Co., Inc., Tokyo, Japan; and salt from JT Foods Co., Ltd., Tokyo, Japan. Control scone dough (total weight, 291.5 g) contained the following ingredients: soft-type wheat flour, 150 g; baking powder, 5 g; milk, 60 g; granulated sugar, 40 g; olive oil, 35 g; and salt, 1.5 g. Wakame powder (1.5, 3.0, or 6.0 g) was caused by free radicals and singlet oxygen (Krinsky, 1989) . In the present study, we first determined the stability of purified fucoxanthin (Fig. 1 (A) ) and then we compared it to the stability of dried wakame during storage ( Fig. 1 (B) ). Due to the limited sample volume, analysis of purified fucoxanthin was done in duplicate at each incubation time. Although the sample size was small, the data from comparing the stability of fucoxanthin with that in dried wakame was important.
Purified fucoxanthin rapidly disappeared under light irradiation at 20℃, while the decrease rate was much lower in the dark (Fig. 1 (A) ). The stability of the fucoxanthin decreased as temperatures increased and more than 80% of the fucoxanthin disappeared after 8 h incubation at 90℃ (Fig.  1 (A) ), indicating that high temperature and light irradiation are the main accelerators for the degradation of fucoxanthin. Although there have been numerous studies published on the antioxidant activity of carotenoids, research on their stability has been limited. It has been reported that β-carotene was easily degraded under the presence of radical initiators and disappeared within a minute (Packer et al., 1981; Krinsky, 1989) . Fucoxanthin was more stable in all experimental conditions used in the present study than β-carotene reported in the above studies. This is likely due to the absence of radical inducers in the present study. Kanazawa et al. (2008) obtained purified fucoxanthin from Laminalia japonica (Konbu) and found that it remained unchanged after six months of storage at 4℃ in the dark. Therefore, if it was stored in the dark at a low temperature absent any free radicals and active oxygen species, fucoxanthin would be stable even in the purified form.
layer was collected in another separating funnel. n-Hexaneethanol-water (1:2:1, v/v/v) was added to the lower layer. After the mixture was shaken, the upper layer (n-hexane layer) was removed. Solvents were removed from the lower layer under vacuum using a rotary evaporator. The last traces of the solvents and water that remained were removed under high vacuum in order to obtain polar lipids. The fucoxanthin content of the scones or dough was calculated from that of the polar lipids analyzed by HPLC as described above.
Results and Discussion
Analysis of TL in dried wakame and wakame powder The moisture content of the dried wakame was 5.15 + 0.09% (n = 3), while that of the wakame powder was 13.73 ± 0.02% (n = 3). The TL content of commercial wakame powder was about 10% of the sample weight, which was twice as much as that of the dried wakame (Table 1 ). The fucoxanthin content of the wakame powder was twice as high as that of the dried wakame, while a lower level of tocopherols was found in the wakame powder than in the dried wakame. The fatty acid composition of TL was different in both samples (Table  2 ). More than 65% of the fatty acids in TL from wakame powder were n-3 polyunsaturated fatty acids (PUFA) such as stearidonic acid (SDA; 18:4n-3), eicosapentaenoic acid (EPA; 20:5n-3), and α-linolenic acid (LNA; 18:3n-3). On the other hand, the total n-3 PUFA of TL from dried wakame was about 25% and arachidonic acid (ARA; 20:4n-6) was the most abundant PUFA in the TL. The differences found between dried wakame and wakame powder in fatty acid composition as well as in content levels of TL, fucoxanthin, and tocopherols (Table 1 and Table 2 ) were due to the different locations and seasons of collection (Ishihara et al., 2000; Khan et al., 2007; Miyashita and Takagi, 1987; Mori et al., 2004; Terasaki et al., 2009; van Ginneken et al., 2011) .
Stability of fucoxanthin in dried wakame during storage The bleaching of carotenoids is commonly observed under oxidative conditions (Briton, 1995; Lowe et al., 2003) . Pure carotenoids, even in the crystalline state, are susceptible to oxidation after isolation and are thus rapidly broken down to generate apocarotenals and apocarotenones. Small fragments are also generated through breakdown at various carboncarbon double bonds in the polyene chain. This breakdown is r. sugIMura et al. Determination of mean ± SD (standard deviation) Determination of mean ± SD (standard deviation) xanthin and PUFA in the dried wakame. Sensory and chemical analysis of scone containing wakame powder Lipid oxidation is one of the major problems encountered when using materials from fisheries as food products, due to their high content level of PUFA. The high stability of functional PUFA, such as ARA and EPA, during the storage of dried wakame found in Fig. 2 led to our desire to apply it as a food product. In the present study, we made scones using commercial wakame powder as an ingredient. After heating the scone dough containing wakame powder (0.5-2 wt%) at 190℃ for 30 min, there was no difference in PUFA content between TL extracted from the dough or the scones (data not shown). The fucoxanthin content of the dough and scones containing 3.0 g wakame powder (W-2%) was 5.12 ± 0.20 and 4.44 ± 0.11 μg/g dry weight sample (n = 2), respectively, showing that fucoxanthin levels decreased from heating to be 86.7 % of those in dough. This rate of decrease was much lower than that observed in the incubation of purified fucoxanthin at 90℃ (Fig. 1 (A) ). Although the analysis of fucoxanthin in the dough and scones Stability of fucoxanthin in dried wakame ( Fig. 1 (B) ) was higher than that of the purified fucoxanthin itself (Fig. 1 (A) ). No decrease in fucoxanthin was found after 50 days during the storage of dried wakame at 50℃, whereas a decrease was observed before a 20-day incubation period of purified fucoxanthin at 20℃ and 40℃. The higher stability of fucoxanthin in dried wakame is likely influenced by several factors, including both the interaction of fucoxanthin with the proteins and polysaccharides in wakame and the effect of other kinds of wakame antioxidants such as tocopherols and polyphenols. During the 210-day storage of dried wakame, PUFA of the TL hardly decreased (Fig. 2 (A) ) and peroxide values of TL were less than 20 meq/kg lipids ( Fig. 2 (B) ). This high oxidative stability of TL in the dried wakame was likely due to the protective effect of wakame antioxidants. As shown in Fig. 1 (B) , fucoxanthin and tocopherols remained unchanged after storage for 210 days. The moisture content of dried wakame during incubation decreased from 5.15 + 0.09% (n = 3) to 4.99 + 0.09% (n = 3), which demonstrated that moisture content had little effect on the stability of fuco- taining up to 2% of wakame powder had an acceptable rating (Table 4) . Among the three scores for scones containing wakame powder, sensory scores of W-0.5% and W-2% were higher than those of controls. This might be partly due to the saltier taste of wakame powder containing scones than that of the controls. Another reason could be the enhancement of the interaction between starch granules and the protein matrix, which resulted in improved consistency of the scones. To obtain good consistency of baked, wheat flour-based products, it is crucial that a thin film protein network forms and envelops the gelatinized starch granules (Jyotsna et al., 2004; Prabhasankar et al., 2009) . Microstructure studies reveal up to 20% enhanced interaction between starch granules and the protein matrix in pasta containing seaweeds (Prabhasankar et al., 2009) . This network of protein and starch granules could have also been enhanced by the addition of wakame powder to the scones.
was performed in duplicate, the data obtained was consistent with our previous result, which showed little reduction of fucoxanthin during pasta production involving a drying step at 75℃ for 3 h (Prabhasankar et al., 2009) . It has been demonstrated that the high stability of fucoxanthin in pasta is likely related to the formation of both a network of starch granules and a gluten matrix that prevents its degradation. Significant differences were seen in the discrimination test scores between each scone sample containing wakame powder (Table 3) . Taste and smell became stronger with increasing wakame powder content in the scones. The appearance of the scones was darker as the level of wakame powder in the scones increased. On the other hand, texture varied with wakame powder concentration. Panelists could distinguish differences in taste, smell, and appearance between control scones and scones containing wakame powder, and preference test analysis revealed that scone samples conr. sugIMura et al. Values are mean ± SD, n = 41 a Texture: very (3), moderate (2), and a little (1) harder than control; same (0) as control; very (-3), moderate (-2), and a little (-1) softer than control b Taste and smell: very (3), moderate (2), and a little (1) stronger than control; same (0) as control; very (-3), moderate (-2), and a little (-1) weaker than control c Appearance: very (3), moderate (2), and a little (1) darker than control; same (0) as control; very (-3), moderate (-2), and a little (-1) lighter than control *, **, *** indicate values with a significant difference (*P < 0.05, **P < 0.01, ***P < 0.001) Values are means ± SD, n = 41 a Sensory scores evaluated: very (3), moderate (2), and a little (1) more favorable than control; same (0) as control; very (-3), moderate (-2), and a little (-1) unfavorable than control *, **, *** indicates values with a significant difference (*P < 0.05, **P < 0.01, ***P < 0.001)
